Abstract. In enhanced oil recovery (EOR), chemicals are injected into the oil reservoir, either to increase macroscopic sweep efficiency, or to reduce remaining oil saturation in swept zones. Tracers can be used to identify reservoirs that are specifically suited for EOR operations. Injection of a selection of partitioning tracers, combined with frequent sample analysis of produced fluids, provides information suited for estimation of residual oil saturation. Tracers can also be used to evaluate and optimize the application of EOR chemicals in the reservoir. Suitable tracers will follow the EOR chemicals and assist in evaluation of retention, degradation or trapping. In addition to field applications, tracers also have a large potential as a tool to perform mechanistic studies of EOR chemicals in laboratory experiments. By labelling EOR chemicals with radioactive isotopes of elements such as H, C and S, detailed studies of transport mechanisms can be carried out. Co-injection of labelled compounds in dynamic flooding experiments in porous media will give information about retention or separation of the unique compounds constituting the chemical formulation. Separation of such compounds may be detrimental to obtaining the EOR effect expected. The paper gives new information of specific methods, and discusses current status for use of tracers in EOR operations.
INTRODUCTION
As the world's oil fields are maturing, enhanced oil recovery (EOR) is becoming increasingly important to secure supplies of oil. In EOR operations a range of chemicals are used, e.g, injection of alkaline solutions, polymers, surfactants, as well as combinations of these [1] [2] [3] [4] [5] [6] . Other techniques use low salinity water, foam, nanoparticles that react to block larger pores and microbial reactions MEOR (see [7, 8] for recent reviews). One of the challenges in EOR-operations is to quantify the potential for producing remaining oil and to evaluate the effect of EOR measures, often done using pilot studies. One of the technologies available to estimate the potential for EOR and the effect of EOR is tracer technology. Several different tracer technologies are available to monitor secondary and tertiary production. Injection of water as well as gas is often monitored by using tracers that follow the injected phase as passively as possible in socalled inter-well tracer tests (IWTT). IWTT are becoming a standard method in the oil industry and has recently been reviewed by e.g. Dugstad [9] . In the present article we will review our own recent work regarding tracer testing of EOR-operations. In particular we will focus on the partitioning inter-well tracer test (PITT), radioactive labelling of EOR-chemicals and the use of tracers to monitor polymer flooding.
An important technology used to estimate the amount of oil in a reservoir is the single-well chemical tracer test (SWCTT) . It exploits the difference in travel time between injected ester and alcohol generated in-situ by hydrolysis and was pioneered in the US about 40 years ago by Esso [10, 11] . SWCTTs have been used to identify enhanced oil recovery (EOR) potential as well as to evaluate the effect of EOR in numerous on-shore fields [12] and some off-shore locations [13] [14] [15] . Recently there has been a growing interest in injection of low-salinity water to reduce remaining oil saturation and enhance oil production. Several pilot tests have been conducted and the SWCTT is used in these projects to measure oil-saturation prior to and after the low-salinity water injection [13] [14] [15] [16] . On the Norwegian continental shelf two pilot-tests have been conducted recently, in the Snorre-field [15] and in the Heidrun-field.
An alternative to SWCTTs for measuring oil saturations is the partitioning interwell tracer test (PITT) [9, 17] . In contrast to the SWCTT, PITTs have been used to a limited extent in the petroleum industry (see [18, 19] for some exceptions). On the other hand PITTs have been used successfully to estimate non-aqueous phase liquid content in several groundwater remediation projects [17, 20] . In several of the reported PITT projects different alcohols have been used as chemical tracers, with detection limits in the order of ppm concentrations. This is too high in many large scaled reservoirs relevant for the oil industry. In large reservoirs tracers are significantly diluted and sub-ppb concentrations are necessary to keep injected tracer amounts within reasonable limits. In addition, it is important that the tracer chemicals are stable and reliable in the harsh conditions found in most oil reservoirs. New chemicals that can meet these limitations are currently being tested. In this review we illustrate how these chemicals can be tested in laboratory experiments. This is done using butanol, which is one of the PITT tracers currently available. We also show results from a PITT in an oilfield and point to potential problems using butanol as partitioning tracer.
In a second example we demonstrate how labelling of EOR chemicals can help to understand and optimise EOR-processes. In the particular example the hydrogen isotope tritium ( 3 H ) is used to label water, the sulphur isotope 35 S is used to label surfactants and the 14 C-isotope is used to label C O 2 in a C O 2 -foam experiment.
In the final experimental example we demonstrate how conventional water tracers can be used to evaluate water flooding in porous media when polymers are used to modify sweep.
EPJ Web of Conferences

PARTITIONING INTER-WELL TRACER TESTING
The partitioning inter-well tracer test to determine residual oil saturation is based on chromatographic separation of tracers in the reservoir. In a PITT, tracers with different oil/water partition coefficients are introduced with the injection water, and samples of water are collected from the production stream for analysis. The tracer with the highest partition coefficient will lag behind other tracers. The delay of the partitioning tracer depends on the partition coefficient as well as the oil saturation in the volume between injector and producer wells. This dependency is used to measure the oil saturation in the reservoir.
If we assume that partitioning among the phases is an instantaneous process a conservation equation for an arbitrary partitioning tracer component may be written as [21] ∂ ∂t
Here, partitioning is described by the coefficient 
where τ is the tortuosity of the porous medium and the α and β coefficients depend on the media. The Peclet number is given from velocity, molecular diffusion coefficient and grain size by N Pe = vd/D m . In a water-flooded area, close to residual oil saturation oil, flow rates may be negligible compared to the water flow rates. In such cases oil saturation may be determined by differences in retention times of a partitioning and passive water tracer. Oil saturation is given by the simple expression
Here t 1 and t 2 are the retention times of the nonpartitioning and partitioning tracer, respectively, S is the residual oil saturation, and K o is the partition coefficient of the partitioning tracer. If K o is known, the residual oil saturation can be calculated from the measured difference in the arrival times between a non-partitioning (passive) and a partitioning tracer.
To demonstrate the PITT concept on the laboratory scale consider a dynamic flooding experiment where a partitioning tracer ( 14 C labelled n-butanol) and an ideal (6) of HTO and 14 C labeled n-butanol in a one-dimensional system with 14.8% residual oil saturation. The K-value of n-butanol in this experiment was calculated to K = 0.9.
tracer (tritiated water, HTO) was injected in a column filled with Clashack sand. The column has a porosity of 44% and was prepared with a residual oil saturation of 14.8%. In the experiment dead crude oil from the Ekofisk field was used and the temperature was 90
• C. The partition coefficient for n-butanol obtained from the experiment was K o = 0.9 at 90
• C. The column length was L = 2m, the diameter was d = 1.11 cm and water was injected with a flow rate Q w = 0.062 ml/min from below in the vertical oriented column.
This experiment can be analysed by means of an analytic solution. Briefly, in this case Equation (1) can be written as [21] 
where v * and D * are effective velocity and dispersion. The effective velocity v * is a combination of saturation, partitioning and the velocity of tracer in the water phase, v
The effective dispersion is a combination of the dispersion in oil and water phase, (4) is a 1-D convection diffusion equation. With initial and boundary conditions
at x = L . Equation (6) for HTO and n-butanol are plotted together with the experimental data in Figure 1 , and corresponds well to the experimental data. From Equation (6) we can find the time corresponding to arrival of the peak at L. The solution has a maximum value at L = v * t, which yields t 1 = L/v w for the nonpartitioning tracer and manipulations we then obtain the relation in Equation (3) between peak arrival times and saturation.
The PITT technology was also recently tested in an onshore field close to residual oil saturation. A field-proven non-partitioning 4-FBA (4-fluorobenzoic acid) tracer was co-injected with perdeuterated butanol. The production curves for the 4-FBA tracer and the partitioning butanol tracer are given in Figure 2 . The measured concentrations of perdeuterated butanol were two orders of magnitude lower than the concentrations of 4-FBA (note that separate scales are used in Figure 2 . The large loss (approx. 99%) of the partitioning tracer is possibly due to thermal or biological degradation or adsorption on the reservoir rocks. Nevertheless, the obtained production curves for the partitioning tracer show a reasonable delay compared to the ideal tracer and yielded saturations as expected by simulations of the reservoir flow.
Due to the instability of perduterated butanol in the field test, a suit of other partitioning organic molecules have been developed and tested in laboratory experiments. One of these components, denoted by the trade name IFE-WTP shows high degrees of stability and all the compounds can be analysed in concentrations down to 50 ppt. Field testing of these components are currently underway.
TRACERS TO EVALUATE CO 2 -FOAM
Different types of oil reservoirs have been flooded by carbon dioxide (CO 2 ), see e.g., [1, 2, 23, 24] . Some few examples report the use of perfluorocarbons as tracers for CO 2 [25] . Microscopic sweep efficiency in EOR CO 2 -floods can be high, but macroscopic sweep efficiency (EMA) can still be low due to combination of high mobility ratio, gravity segregation and heterogeneity [26] [27] [28] [29] . By reducing the mobility of CO 2 , EMA can be improved. Such mobility reduction can be obtained either by co-injection a polymer or by creating a CO 2 foam.
Foam is usually generated with the aid of surfactants [30] [31] [32] . Surfactants, such as alpha olefin sulphonate (AOS), have been used as CO 2 foaming agent. Depending on foam stability and porous structure the components constituting the foam, gas (dense CO 2 phase), water, and surfactants, may travel with different velocities through the porous network [33] [34] [35] [36] . Dynamic flooding experiments have been carried out at realistic reservoir conditions to study the relative transport of water, CO 2 and surfactant when foam is generated in the porous network [37] . The surfactant was labelled with the radioactive sulphur isotope 35 S. The water has been labelled with the radioactive hydrogen isotope tritium ( 3 H) and the CO 2 has been labelled with the 14 C isotope. It was shown that the flow of the individual phases in a CO 2 -foam flooding can be monitored by using this tracer technology (Fig. 3) . Variations in the flow rates of surfactant components, water (HTO) and CO 2 can be clearly detected, and the accessible pore volume can also be determined. Commercially available AOS products contain different chemical components. In the study, the main AOS components were chemically separated prior to injection on the porous column. The labelling technique allows studies of retention time of the different components when these have been injected as a sharp pulse in a steady state, foam filled porous column. The transport of the individual components was shown to be different. In the reservoir, such chromatographic separation of the AOS components may affect the efficiency of the foam process.
TRACERS TO MONITOR POLYMER FLOODING
Polymers can be used to improve the macroscopic sweep efficiency in a water flood by increasing the viscosity of the displacement fluid. A review of 12 polymer floods in the period 1975-1992 is given in [38] . Recently, there has been an increased interest in polymer flooding [39] [40] [41] [42] . As for the other EOR-applications reviewed in this paper, tracers can be used to monitor polymer floods. If a passive tracer is co-injected continuously with the EOR chemicals information about flow direction, degree of retention and dilution of actual EOR chemicals can be obtained. By tracer curve analysis of the tracer response of a tracer injected as a narrow pulse the sweep before and after the polymer flood can be found [47] . Changes in swept 02002-p.3 volume caused by the chemical EOR operation can thus be monitored. Both for continuous and pulse injection reliable passive water tracers are required. To qualify dynamic properties of tracers mixed with EOR chemicals and verify that they are suited for polymer applications, 15 tracers were identified and investigated. In the following one of these tracers is studied in dynamic experiments and the results are compared to results obtained using the ideal tracer, tritiated water (HTO). From dynamic polymer flooding experiments (using a Flopaam 3630S polymer) it was observed that the 15 tracers gave responses equal within a few percent to the HTO reference tracer under the given experimental conditions. Results for HTO injected continuously and pulse injections of one of the chemical tracers before and after the polymer flood are summarized in Figure 4 .
EPJ Web of Conferences
The observed deviation between the HTO tracer response and the polymer clearly shows that the passive tracer and the polymer are transported in the porous media in different ways. The polymer breaks through after the continuously, co-injected HTO tracer and a steeper slope in the polymer response curve than the tracer response curve is observed. A numerical sensitivity study shows that this effect is caused by adsorption of the polymer in the front due to saturation of the surface of the silica sand. Adsorption slows the breakthrough of the polymer in this case. The adsorption can also explain the tailing seen in the polymer results. Polymer adsorbed to the surface desorbs slowly and acts as a source term for polymer that prevails for some time after the passing of the tracer and polymer slug. Other studies show that in some cases polymer can be transported faster than tracers through the porous medium [43] . The reason for this is that other effects compete with polymer adsorption in some cases. In other solid matrices, e.g., some pores may be inaccessible for the polymer transport due to polymer molecules blocking parts of the pore space.
In addition to the continuously injected HTO tracer, a tracer (denoted Tracer A) was pulse-injected before and after the polymer flooding (cf. Fig. 4 ). To qualify this tracer, HTO was also pulse-injected prior to the polymer flood. The curves for HTO and Tracer A before the polymer flood differed slightly in peak values and widths (cf. Fig. 5 ). The difference between HTO and Tracer A before the polymer flooding is due to different diffusion coefficients. In Figure 5 the response curves for Tracer A after the polymer flooding is also given. Interestingly, the response curve for Tracer A is broader and with a smaller peak-value after polymer flooding, than before. As this is the same tracer, with similar diffusion coefficient, it is likely that the curve-difference is due to modifications of the geometry that manifest themselves as changes to the dispersion function. Changes to the dispersion can be caused by adsorption of polymer in the sand-pack.
SIMULATION OF EOR TRACERS
Since tracers do not influence fluid flow in the reservoir, tracer transport may be solved in a separate module decoupled from the reservoir simulation itself. This was exploited in [44] to solve for tracer transport using fluid flow solutions obtained from a reservoir fluid flow simulation. In [44] the flow field was retrieved from the host reservoir simulator at each time-step, and then used to find tracer flow simultaneously with solving the fluid flow. This modular method allows coupling to any black oil simulator used in most cases or compositional simulators relevant for EOR. It also allows for a separate time and space discretization of the tracer equation, which was used in [44] to obtain accurate solutions. Although the method of [44] is more flexible than most tracer simulation methodologies, it shares a subtle drawback with commonly used tracer simulation approaches. If tracer simulation is performed simultaneously with the reservoir simulation, re-performing the tracer simulation requires re-performing the reservoir simulation. This is a serious disadvantage if lessons-learned from a first tracer simulation are to be applied in subsequent tracer simulations. The simple solution to this is to store solutions to the reservoir fluid flow problem for each reservoir simulation time-step, and perform the tracer simulation based on the stored results [45, 46] . Multiple and successive tracer simulations can then be performed based on stored results from a single reservoir simulation. The tracer simulation is very 02002-p.4 fast, compared to the reservoir simulation, with typically execution times in the order of 1-5% of the reservoir simulation. Significant amounts of time can thus be saved using this approach. One application of the decoupling of flow and tracer solution is successive refinement of discretization grid to counter numerical smearing of the tracer solutions. Smearing of the numerical solution occurs both for saturation fronts and tracer fronts, but are particularly severe when solving the transport equations for tracer pulse injections. To improve on this situation, one can use successively finer time-steps and a separately refined tracer-grid. The method described in [46] allows for successive refinement of the tracer time and space discretization, at the cost of a single reservoir simulation.
Since the tracer transport is separated from the flow problem solved by the host reservoir simulator, a smaller time-step and refined grid can be used without affecting the reservoir simulator. The method was used to obtain solutions for the tracer flow in the experiment described in Section 4. The results from these simulations are displayed in Figure 6 . From Figure 6 it is clear that decreasing the tracer grid size significantly improves the numerical solution. The numerical solutions approach the analytical solution and the measured results.
CONCLUSIONS
The use of tracers is an important method in the reservoir engineering tool box. Besides the standard methods used for following water and gas flood in secondary recovery operations, tracers are also very useful in tertiary recovery and EOR operations. In this paper we have reviewed how partitioning inter-well tracer tests can be used to establish oil saturations in water flooded regions prior to EOR operations. We have also discussed how tracers can give information on sweep changes due to injection of polymers, and given examples of radiolabelling of EOR-chemicals, to trace their behaviour during EOR. We conclude that tracer methods are powerful tools to monitor phase transport in various chemical flooding scenarios, but emphasize that tracers need to be qualified in order to ensure that they behave as passive tracers during EOR operations. This is not obvious, given the large concentrations or EOR-chemicals used in most EOR-operations. Labelling of individual components, by radioactive isotopes, gives unique possibilities to follow special organic chemicals used in EOR processes. Although possibly too expensive to be applied in full-field tests, these methods are certainly well suited for laboratory tests and perhaps even in small scale pilot studies. We also illustrated the advantages of solving tracer transport separately from the fluid flow. Separate solution of the tracer problem gives an opportunity to state and solve the tracer problem from pre-solved and stored flow solutions, saving significant CPU-time and allowing for accurate solutions through separate tracer grid refinement.
